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Fig.75  S-parameter from Positron annihilation Doppler 
Broadening  Spectroscopy (DBS) showing Deuterium 
fuel stability on Palladium substrate subsurface over a 
wide temperature range 

Figure 78. Planar Array extraction concept. 
Fig. 79 Array moderator simulation results, using 
SRIM and GEANT4  
Fig. 80. Array moderator ExB extraction Proof of 
concept results. 
 Fig.81  SiC Moderator Array. 
 〈𝐸𝑖〉 =
𝑁
2
𝑘𝑇
𝑁
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𝜕
𝜕𝑡
(
3
2
𝑛𝑗𝑘𝑇𝑗) + ∇ ⋅ (
3
2
𝑛𝑗?⃗?𝑗𝑘𝑇𝑗 + ?⃗?𝑗) + 𝑝𝑗∇ ⋅ ?⃗?𝑗 = ∑𝑆𝑗
𝑑
𝑑𝑡
(
3
2
𝑛𝑗𝑘𝑇𝑗) = 𝑆𝑎 + 𝑆𝑓 + 𝑆𝑒 + 𝑆𝑙𝑒 + 𝑆𝑖 ≡ (∑𝑆)𝑗
𝐽 (𝑠 ⋅ 𝑚3)⁄ ≡ 𝑊/𝑚3
𝜕?̇?𝑗
𝜕𝑡
+ ∇ ⋅ (𝑛?⃗⃗?) = ?̇?𝑗
∇ ⋅ ( ) = 0
𝑑𝑛𝑗
𝑑𝑡
= ?̇?𝑗
𝑒+ 𝑒−
𝐻𝑒3 𝐻𝑒4
𝑑 + 𝑒+ → 𝑑+ + 1.02 𝑀𝑒𝑉
𝑛𝑑(𝑡 = 0) = (𝑛𝑑)𝑖𝑛𝑖𝑡𝑖𝑎𝑙
𝑛𝑡(0) = 0
𝑇𝑑(0) = 𝑇𝑡(0) = 273 K
𝜏𝑏𝑒𝑎𝑚
𝜏𝑏𝑒𝑎𝑚 = 50 ps 𝜏𝑏𝑒𝑎𝑚 = 400 ps 
(?̇?𝑎)𝑑+ =
(𝑛𝑓𝑖𝑛𝑎𝑙)𝑑+
𝜏𝑏𝑒𝑎𝑚
(𝑛𝑓𝑖𝑛𝑎𝑙)𝑑+ 𝜏𝑏𝑒𝑎𝑚
(?̇?𝑎)𝑑+
𝑚−3𝑠−1 (𝑛𝑓𝑖𝑛𝑎𝑙)𝑑+ 𝑚
−3
𝜏𝑠𝑖𝑚 = 2000 𝑝𝑠 𝑡 > 𝜏𝑏𝑒𝑎𝑚
𝑑𝑓
𝑑𝑡
= ?⃗?
𝑓 =
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𝑛𝑑+𝑇𝑑+
𝑛𝑑𝑇𝑑
𝑛𝑡𝑇𝑡
𝑛𝑡+𝑇𝑡+
𝑛𝑑+
𝑛𝑑
𝑛𝑡
+
𝑛𝑡 ]
 
 
 
 
 
 
 
?⃗? =
[
 
 
 
 
 
 
 
 
(2 3𝑘𝑏⁄ )(∑𝑆)𝑑+
(2 3𝑘𝑏⁄ )(∑𝑆)𝑑
(2 3𝑘𝑏⁄ )(∑𝑆)𝑡
(2 3𝑘𝑏⁄ )(∑𝑆)𝑡+
?̇?𝑑
?̇?𝑑
?̇?𝑡+
?̇?𝑡 ]
 
 
 
 
 
 
 
 
?⃗?0 = ?⃗?(𝑓
𝑘), 𝑓1 = 𝑓
𝑘 +
∆𝑡
2
?⃗?0
?⃗?1 = ?⃗?(𝑓1), 𝑓2 = 𝑓
𝑘 +
∆𝑡
2
?⃗?1
?⃗?2 = ?⃗?(𝑓2), 𝑓3 = 𝑓
𝑘 +
∆𝑡
2
?⃗?2
?⃗?3 = ?⃗?(𝑓3), 𝑓
𝑘+1 = 𝑓𝑘 +
∆𝑡
6
(?⃗?0 + 2?⃗?1 + 2?⃗?2 + ?⃗?3)
∆𝑡
(∑𝑆)𝑗 = 𝑆𝑎 + 𝑆𝑓 + 𝑆𝑒 + 𝑆𝑙𝑒 + 𝑆𝑖
(𝑆𝑎)𝑑+  = (?̇?𝑎)𝑑+ × 1.02𝑀𝑒𝑉
𝑑+
1, 𝑇(𝑑, 𝑛) 𝐻𝑒4 :                𝑇 + 𝐷 → 𝑛 + 𝐻𝑒4 + 17.590 𝑀𝑒𝑉
2,𝐷(𝑑, 𝑝)𝑇:          𝐷 + 𝐷 → 𝑝 + 𝑇 + 4.03 𝑀𝑒𝑉
3,𝐷(𝑑, 𝑛) 𝐻𝑒3 :             𝐷 + 𝐷 → 𝑛 + 𝐻𝑒3 + 3.268 𝑀𝑒𝑉
#/𝑚−3
𝑘𝑓1 = (𝑛𝑡𝑛𝑑)〈𝜎𝑣〉𝑓1
𝑘𝑓2 = (
𝑛𝑑𝑛𝑑
2
) 〈𝜎𝑣〉𝑓3
𝑘𝑓3 = (
𝑛𝑑𝑛𝑑
2
) 〈𝜎𝑣〉𝑓2
 𝑘𝑓1,𝑡+,𝑑+ = (𝑛𝑡+𝑛𝑑+) 〈𝜎𝑣〉𝑓1
𝑘𝑓1,𝑡+,𝑑 = (𝑛𝑡+𝑛𝑑) 〈𝜎𝑣〉𝑓1
𝑘𝑓1,𝑡,𝑑+ = (𝑛𝑡𝑛𝑑+) 〈𝜎𝑣〉𝑓1
𝑘𝑓1,𝑡,𝑑 = (𝑛𝑡𝑛𝑑) 〈𝜎𝑣〉𝑓1
𝑘𝑓2,𝑑+,𝑑+ = (
𝑛𝑑+𝑛𝑑+
2
) 〈𝜎𝑣〉𝑓2
𝑘𝑓2,𝑑+,𝑑 = 𝑛𝑑+𝑛𝑑〈𝜎𝑣〉𝑓2
𝑘𝑓2,𝑑,𝑑 = (
𝑛𝑑𝑛𝑑
2
) 〈𝜎𝑣〉𝑓2
𝑘𝑓3,𝑑+,𝑑+ = (
𝑛𝑑+𝑛𝑑+
2
) 〈𝜎𝑣〉𝑓3
𝑘𝑓3,𝑑+,𝑑 = 𝑛𝑑+𝑛𝑑〈𝜎𝑣〉𝑓3
𝑘𝑓3,𝑑,𝑑 = (
𝑛𝑑𝑛𝑑
2
) 〈𝜎𝑣〉𝑓3
〈𝜎𝑣〉
𝑇 = max(𝑇1, 𝑇2)
(𝑚3𝑠−1
〈𝜎𝑣〉𝑓 = 10
−6 ⋅ 𝐶1 ⋅ 𝜃√ξ (𝑚𝑟𝑐2𝑇3)⁄ exp(−3𝜉)
𝜃 = 𝑇/ [1 −
𝑇(𝐶2 + 𝑇(𝐶4 + 𝑇𝐶6))
1 + 𝑇(𝐶3 + 𝑇(𝐶5 + 𝑇𝐶7))
]
𝜉 = (
𝐵𝐺
2
4𝜃
)
1
3
𝑇
〈𝜎𝑣〉𝑓2
𝑇 > 5
𝐵𝑔 (√𝑘𝑒𝑉) 34.3827 31.3970 31.3970
𝑚𝑟𝑐
2 (𝑘𝑒𝑉) 1,124,656 937,814 937,814
𝐶1 1.17302 × 10−9 5.65718 × 10−12 5.43360 × 10−12
𝐶2 1.51361 × 10−2 3.41267 × 10−3 5.85778 × 10−3
𝐶3 7.51886 × 10−2 1.99167 × 10−3 7.68222 × 10−3
𝐶4 4.60643 × 10−3 0.0 0.0
𝐶5 1.350 × 10−2 1.05060 × 10−5 −2.9640 × 10−6
𝐶6 −1.06750 × 10−4 0.0 0.0
𝐶7 1.3660 × 10−5 0.0 0.0
〈𝜎𝑣〉
(?̇?𝑓)𝑑+ = −
(𝑘𝑓1,𝑡+,𝑑+ + 𝑘𝑓1,𝑡,𝑑+ + 2𝑘𝑓2,𝑑+,𝑑+ + 𝑘𝑓2,𝑑+,𝑑 + 2𝑘𝑓3,𝑑+,𝑑+ + 𝑘𝑓3,𝑑+,𝑑)
(?̇?𝑓)𝑑 = −
(𝑘𝑓1,𝑡+,𝑑 + 𝑘𝑓1,𝑡,𝑑 + 𝑘𝑓2,𝑑+,𝑑 + 2𝑘𝑓2,𝑑,𝑑 + 𝑘𝑓3,𝑑+,𝑑 + 2𝑘𝑓3,𝑑,𝑑)
(𝑛?̇?)𝑡+ = −
(𝑘𝑓1,𝑡+,𝑑+ + 𝑘𝑓1,𝑡+,𝑑)
(?̇?𝑓)𝑡 = −
(𝑘𝑓1,𝑡,𝑑+ + 𝑘𝑓1,𝑡,𝑑) + (𝑘𝑓2,𝑑+,𝑑+ + 𝑘𝑓2,𝑑+,𝑑 + 𝑘𝑓2,𝑑,𝑑)
𝐷(𝑑, 𝑝)𝑇
(𝑆𝑓1)𝑗 =
𝑛𝑗
𝑛
(𝑘𝑓1,𝑡+,𝑑+ + 𝑘𝑓1,𝑡+,𝑑 + 𝑘𝑓1,𝑡,𝑑+ + 𝑘𝑓1,𝑡,𝑑)(17.590𝑀𝑒𝑉)
(𝑆𝑓2)𝑗 =
𝑛𝑗
𝑛
(𝑘𝑓2,𝑑+,𝑑+ + 𝑘𝑓2,𝑑+,𝑑 + 𝑘𝑓2,𝑑,𝑑)(4.03𝑀𝑒𝑉)
(𝑆𝑓3)𝑗 =
𝑛𝑗
𝑛
(𝑘𝑓3,𝑑+,𝑑+ + 𝑘𝑓3,𝑑+,𝑑 + 𝑘𝑓3,𝑑,𝑑)(3.268𝑀𝑒𝑉)
𝑗 ∈ [𝑑+, 𝑑, 𝑡+, 𝑡] 𝑛 = (𝑛𝑑+ + 𝑛𝑑 + 𝑛𝑡+ + 𝑛𝑡)
(𝑆𝑓)𝑗 =
(𝑆𝑓1)𝑗 +
(𝑆𝑓2)𝑗 +
(𝑆𝑓3)𝑗
𝑇𝑒 = [0.5,10
5] 𝑛𝑒 = [10
18, 1030]
𝑇𝑒
𝑇𝑒 ≥ 100
𝑇𝑒 ≥ 10
𝑇 ≥ 10
𝑟
𝑆𝑙𝑒,𝑗 = 𝑟(𝑇𝑗)𝑛𝑗 ⋅ 10
−7
1 𝑒𝑟𝑔 = 10−7 𝐽
𝑃𝑏𝑟 =
𝑍𝑖
2𝑛𝑖𝑛𝑒
[7.69 × 1018𝑚−3]2
√
𝑒𝑇𝑒
𝑘
 
𝑍𝑖
𝑆𝑒,𝑗 = 𝑚𝑗𝑛𝑗 ∑𝜈𝑗𝑟 [(?⃗?𝑟 − ?⃗?𝑗)
2
+
3
𝑚𝑟
𝑘𝑏(𝑇𝑟 − 𝑇𝑗)]
𝑟
𝑆𝑒 = 𝑛𝑗3𝑘𝑏 ∑𝜈𝑗𝑘
𝑚𝑗
𝑚𝑟
(𝑇𝑟 − 𝑇𝑗)
𝑟
𝜈𝑗𝑟 = 𝑛𝑟〈𝜎𝑣𝑡ℎ〉
〈𝜎𝑣𝑡ℎ〉 = 4𝑑𝑟𝑒𝑓
2 (
𝜋𝑘𝑇𝑟𝑒𝑓
𝑚
)
1
2
(
𝑇
𝑇𝑟𝑒𝑓
)
1−𝜔
𝐻2 𝑑𝑟𝑒𝑓 = 2.92 × 10
−10 𝜔 = 0.67 𝑇𝑟𝑒𝑓 =
273.15 𝑑𝑟𝑒𝑓 =
1.46 × 10−10 𝑇 𝑚
𝑇
𝑛𝑖+1𝑛𝑒
𝑛𝑖
=
2
𝜆3
𝑔𝑖+1
𝑔𝑖
exp [−
𝜖𝑖+1 − 𝜖𝑖
𝑘𝐵𝑇
]  
𝜆
𝜆 = √
ℎ2
2𝜋𝑚𝑒𝑘𝐵𝑇
ℎ 𝑘𝐵 ∆𝜖 = (𝜖𝑖+1 − 𝜖𝑖)
(𝑖 + 1)𝑡ℎ
𝑔𝑖+1
𝑔𝑖
=
1
2
∆𝜖 = 13.603
𝑛𝑖 = 𝑛𝑒 𝑛 = 𝑛0 +
𝑛𝑖
𝑛𝑖
2
𝑛 − 𝑛𝑖
= 𝑠 
𝑛𝑖
2 + 𝑛𝑖𝑠 − 𝑛 𝑠 = 0
𝑠 =
2
𝜆3
𝑔𝑖+1
𝑔𝑖
exp [−
𝜖𝑖+1 − 𝜖𝑖
𝑘𝐵𝑇
]
(𝑛𝑖)𝑠𝑎ℎ𝑎 =
−𝑠 + √𝑠2 + 4𝑠𝑛
2
𝑇𝑒 ≥ 1000
(?̇?𝑖)𝑑+ =
(𝑛𝑑+)𝑠𝑎ℎ𝑎 − 𝑛𝑑+
∆𝑡
(?̇?𝑖)𝑑 = −(?̇?𝑖)𝑑+
(?̇?𝑖)𝑡+ =
(𝑛𝑡+)𝑠𝑎ℎ𝑎 − 𝑛𝑡+
∆𝑡
(?̇?𝑖)𝑡 = −(?̇?𝑖)𝑡+
𝑛𝑑+ (𝑛𝑑+)𝑠𝑎ℎ𝑎
(𝑆𝑖)𝑑 = (?̇?𝑖)𝑑+ ⋅ 𝜖𝑖
(𝑆𝑖)𝑡 = (?̇?𝑖)𝑡+ ⋅ 𝜖𝑖
𝜖𝑖 = 13.603
?̇?𝑑+ = (?̇?𝑎)𝑑+ + (?̇?𝑓)𝑑+ +
(?̇?𝑖)𝑑+
?̇?𝑑+ = (?̇?𝑓)𝑑 +
(?̇?𝑖)𝑑
?̇?𝑡+ = (?̇?𝑓)𝑡+ +
(?̇?𝑖)𝑡+
?̇?𝑡 = (?̇?𝑓)𝑡 +
(?̇?𝑖)𝑡
𝑆𝑑+ = (𝑆𝑎)𝑑+ + (𝑆𝑓)𝑑+ +
(𝑆𝑒)𝑑+ + (𝑆𝑙𝑒)𝑑+
𝑆𝑑 = (𝑆𝑎)𝑑 + (𝑆𝑓)𝑑 +
(𝑆𝑒)𝑑 + (𝑆𝑙𝑒)𝑑 + (𝑆𝑖)𝑑
𝑆𝑡+ = (𝑆𝑎)𝑡+ + (𝑆𝑓)𝑡+ +
(𝑆𝑒)𝑡+ + (𝑆𝑙𝑒)𝑡+
𝑆𝑡 = (𝑆𝑎)𝑡 + (𝑆𝑓)𝑡 +
(𝑆𝑒)𝑡 + (𝑆𝑙𝑒)𝑡 + (𝑆𝑖)𝑡
5 Available at https://www.particleincell.com/starfish/  
𝑟 = 10−9 ?̇? = 0.1
𝑛𝑑 = 10
31
50 × 100 ∆ℎ = 10−9
"𝑆"
𝜕
𝜕𝑡
(
3
2
𝑛𝑗𝑘𝑇𝑗) + ∇ ⋅ (
3
2
𝑛𝑗?⃗?𝑗𝑘𝑇𝑗 + ?⃗?𝑗) + 𝑝𝑗∇ ⋅ ?⃗?𝑗 = ∑𝑆𝑗
𝜕
𝜕𝑡
(
3
2
𝑛𝑗𝑘𝑇𝑗) = ∑𝑆𝑗
